, which is located on the X chromosome and encodes the most abundant protein of myelin in the central nervous sytem. Approximately 60% of PMD cases result from genomic duplications of a region of the X chromosome that includes the entire PLP1 gene. The duplications are typically in a head-to-tail arrangement, and they vary in size and gene content. Although rodent models with extra copies of Plp1 have been developed, none contains an actual genomic rearrangement that resembles those found in PMD patients. We used mutagenic insertion chromosome engineering resources to generate the Plp1dup mouse model by introducing an X chromosome duplication in the mouse genome that contains Plp1 and five neighboring genes that are also commonly duplicated in PMD patients. The Plp1dup mice display progressive gait abnormalities compared with wild-type littermates. The single duplication leads to increased transcript levels of Plp1 and four of the five other duplicated genes over wild-type levels in the brain beginning the second postnatal week. The Plp1dup mice also display altered transcript levels of other important myelin proteins leading to a progressive degeneration of myelin. Our results show that a single duplication of the Plp1 gene leads to a phenotype similar to the pattern seen in human PMD patients with duplications.
Introduction
Pelizaeus-Merzbacher disease (PMD; MIM 312080) is a rare X-linked neurological disorder affecting CNS white matter. It is caused by mutations of the X-linked proteolipid protein 1 gene (PLP1; MIM 300401) that encodes the major protein of myelin, proteolipid protein (PLP) . Approximately 60% of cases are caused by a genomic duplication of 56 kb to 11 Mb in size that includes PLP1 and neighboring genes (Inoue et al., 1999; Woodward et al., 2005; Lee et al., 2006; Carvalho et al., 2012) . Duplications most commonly occur as direct tandem repeats.
Transgenic rodent models with 2-14 extra copies of Plp1 were made by random integration of the genomic Plp1 sequence from a cosmid clone into the genome Readhead et al., 1994; Bradl et al., 1999 ). These models demonstrate that overexpression of Plp1 leads to demyelinating and/or hypomyelinating phenotypes and that Plp1 copy number approximately correlates with phenotypic severity (Anderson et al., 1998 Karim et al., 2007; Mayer et al., 2011) , as in human PMD patients (Wolf et al., 2005) . However, the transgenic animals are not ideal models for human PMD caused by duplication. They do not exactly recapitulate the X-linked tandem head-to-tail genomic rearrangement found in PMD patients. In light of a complex relationship between copy number and overexpression of Plp1 in the rodent models (Karim et al., 2007) , no clear estimates of the extent of overexpression in human patients can be deduced from the animal model data. Finally, there are differences in the phenotypes between the transgenic models and human PMD. Human duplication patients have a slow progressive demyelinating phenotype, whereas the transgenic rodent models with low Plp1 copy progress more slowly and those with high copy progress more rapidly, dying at a young age. Although the phenotypic difference may simply reflect interspecies difference, it is equally likely to result from the failure to replicate the genomic rearrangement in PMD patients.
We used mutagenic insertion and chromosome engineering resource (MICER) (Liu et al., 2011) reagents to generate a new model of PMD that is a more faithful representation of human PMD duplication than the transgenic models. Our new model has a 260.8 kb genomic duplication at the Plp1 locus, which is highly syntenic with the human PLP1 locus. The duplication is in the size range and the direct repeat arrangement common among PMD patients. Our model is suitable for analysis of the duplication phenotype and the expression of Plp1 and the other genes encoded by the duplication and expression of other genes in the program of myelination. The six other mouse models of genomic duplication diseases that were made using MICER reagents model autosomal rather than X-linked diseases (Walz et al., 2006; Li et al., 2007; Nakatani et al., 2009; Horev et al., 2011 ). Our new model will help us understand how an X-linked genomic rearrangement affects phenotype and allow us to pursue therapeutic options for PMD.
Materials and Methods
Generation of the Plp1dup mouse model. All work was performed in accordance with the U.S. Public Health Service's Policy on Humane Care and Use of Laboratory Animals (Office of Laboratory Animal Welfare, 2013) and the Guide for the Care and Use of Laboratory Animals (Office of Laboratory Animal Welfare, 2013) and with approval and oversight of the Institutional Animal Care and Use Committees of Nemours/Alfred I. duPont Hospital for Children or Thomas Jefferson University as appropriate. The Plp1dup mouse line was created using MICER clones obtained from the Wellcome Trust Sanger Institute (Adams et al., 2004; Liu et al., 2011) . Clones were chosen for their insert position relative to the Plp1 gene and the orientation of their loxP site relative to the genomic insert. Because the Plp1 gene is on the X chromosome, only insertion of vector sequences in cis-configuration has to be considered because the constructs were transfected into AB2.2 embryonic stem (ES) cells (a gift from the Wellcome Trust Sanger Institute), which are male cells containing only one X chromosome per cell. Figure 1 shows steps in the generation of the Plp1dup mouse line. MICER genomic clone MHPN312j24 (NCBIM37, 133123007-133127471) was chosen for insertion proximal of Plp1. DNA prepared from the clone was linearized with NheI enzyme and transferred into ES cells of the Hprt-deficient AB2.2 line by electroporation. Targeted cells were selected with G418 for 10 -12 d before colonies were selected for expansion. DNA was isolated from colonies grown in five 96-well plates and digested with XbaI for analysis by Southern blot to determine which samples had the plasmid inserted into the cellular DNA by homologous recombination with the genomic insert of the plasmid rather than by random integration. We obtained 12 positive clones using a 3Ј probe. All were confirmed to be positive by long-range PCR amplification across the 5Ј integration site. Three clones (4B9, 4F2, and 5H12) were checked by karyotype analysis and subsequently injected into C57BL/6 blastocysts to check for germline transmission. All produced a high percentage of agouti chimeric males when mated with C57BL/6 females, demonstrating germline transmission. Clone 5H12 was chosen for continuation with the second targeting because the line from this clone was the most robust in production of agouti progeny.
MICER clone MHPP264b06 (NCBIM37, 133374577-133383807) was chosen for insertion distal of Plp1. DNA prepared from the clone was linearized with SacI enzyme and transferred to clone 5H12 cells by electroporation. Doubly targeted cells were selected using puromycin, and resistant colonies were transferred into 96-well plates. DNA from three 96-well plates was isolated and digested with BsoBI to analyze by Southern blot with a 5Ј probe. Five positive clones were obtained; of these, clone 1C7 was selected for the next step.
Doubly targeted clone 1C7 was transfected with the Cre-expressing plasmid pOG231 (O'Gorman et al., 1997 ) (a gift from Alex Gow, Wayne State University) to catalyze the recombination of the loxP sites within the plasmid sequences incorporated into the genome from the first two targeting events. These loxP sites were located in intron 2 sequence of the 5Ј and 3Ј parts of HPRT that were inserted with the genomic clones in the first and second targeting steps, respectively. Recombination between the loxP sites generated the genomic duplication that includes Plp1 and the region between the two targeting vectors. It also generated a functional HPRT gene from the 5Ј and 3Ј parts of HPRT, and selection was performed using HAT medium. HAT R colonies were transferred into a 96-well plate for expansion, and DNA was isolated and digested with EcoRI for Southern blot analysis using the rec probe. Most clones showed the expected pattern, but three were chosen for closer analysis: B8, C12, and F11. Clones B8 and F11 were determined to be euploid, but C12 was not. Cells from all three clones were injected into C57BL/6 blastocysts that were then surgically transferred to pseudopregnant female mice. Chimeric progeny were bred to C57BL/6 females to determine germline transmission. All three clones showed germline transmission, but clone B8 had more and the largest litters. Chimeras produced from clone B8 were mated with C57BL/6 mice to produce the F1 generation, which showed germline transmission by agouti coat color. Carrier females were mated with male littermates with black coat color to produce the mixed genetic background F2 generation. Carrier F2 females were mated with mixed background wild-type males, males from either the F1 generation or B6129SF1/J (The Jackson Laboratory), to maintain the Plp1dup line on the mixed background. The mouse colony was maintained in the Life Science Center at the Nemours/Alfred I. duPont Hospital for Children and was provided a diet of water and standard mouse chow ad libitum. Male Plp1dup mice on the mixed background were used in all experiments in this work.
Gait analysis. Plp1dup mice and their wild-type littermates were analyzed at 2, 4, and 6 months using the CatWalk automated gait analysis system (Noldus Information Technology) according to the manufacturer's instructions. The system includes an elevated glass plate with a fluorescent light source on the side, walls to prevent mice from escaping, and a high-speed camera that connects to a computer and captures video footage. Mice were trained for 2 d to acclimate them to the environment. On the first day, they were allowed to explore the walkway with room lights on, an open lid, and walkway lights off for 10 min. On the second day, the lid was closed, room lights were turned off, and walkway lights were turned on for the same period of time. On the day of trial, three compliant runs were collected with a maximum speed variation of 60% and a maximum time to cross of 8.00 s.
The CatWalk software collects information on a wide variety of gait parameters per run. The software processed the three compliant runs by assigning labels for each paw. We chose to focus on parameters relevant to our mouse model, which are defined in Table 1 . Statistical analysis was performed longitudinally using two-way repeated measures ANOVA with GraphPad Prism version 6.0. To obtain cross-sectional analysis at specific time points, individual unpaired t values were performed. A p value Ͻ0.05 was considered statistically significant.
PCR-based genotyping. DNA for genotyping was isolated from tail snips collected at weaning using the DNeasy Blood and Tissue Kit (QIAGEN) following the manufacturer's protocol for genotyping the mice. DNA was isolated from spleen tissue using the Gentra Puregene Tissue Kit (QIAGEN) for confirmation of the genotype.
Genotyping was performed by semiquantitative multiplex PCR using a Multiplex PCR Kit (QIAGEN) according to the manufacturer's instructions. Primer pairs multiplexed for quantitative analysis were as follows: a region of the Plp1 gene, a region at the proximal end of the duplication, a region of the dystrophin gene (Dmd) that is not within the duplication and served as a single-copy control, a region of the Sry gene on the Y chromosome for gender confirmation, and regions of the bacterial neo and puro genes that were inserted during engineering of the duplication (Table 2) . One member of each primer pair was labeled with FAM. PCR products were detected and analyzed by capillary electrophoresis using the 3130 xL Genetic Analyzer (Invitrogen) and Peak Scanner Software (Invitrogen). Copy number was determined using net intensities to distinguish Plp1dup mice from wild-type mice. The ratio of test region to dystrophin of the test animal was normalized by dividing by the average ratio of test region to dystrophin of two wild-type male control mice. If a test region was duplicated, the expected normalized ratio was 2; if it was not duplicated, the expected normalized ratio was 1.
For confirmation of the genotype, PCR amplification was performed using the Expand High Fidelity PCR system (Roche) and touchdown PCR (Table 2) (Korbie and Mattick, 2008) on spleen DNA with primers from the HPRT gene, which was produced during generation of the duplication by Cre-mediated recombination. Products were subjected to electrophoresis on 1% agarose gels. Gels were stained with ethidium bromide, and signals were visualized using the Gel Doc XR system (Bio-Rad).
FISH. Chromosome spreads for interphase FISH were prepared from hemagglutinin-and colcemid-treated lymphocytes obtained from mouse blood by cardiac puncture using heparinized syringes and fixed in methanol:acetic acid (3:1) and stored in fixative at Ϫ20°C. Hybridization was performed with Plp1-containing fosmid WI1-1339A16 (BACPAC Resources; NCBI m36 coordinates 133336508-133376654) labeled with biotin-16-dUTP (Roche) and performed with single-copy control probe WI1-403O13 (BACPAC Resources; NCBI m36 coordinates 77435065-77479315) labeled with digoxigenin (Roche) using standard protocols (Pinkel et al., 1988) . Cy3-labeled streptavidin (GE Healthcare) was bound to the biotin-labeled probe, amplified with biotinylated antiavidin (Vector Laboratories), and detected with another layer of Cy3- Figure 1 . Plp1dup mice were generated by chromosome engineering. A, Strategy for generating Plp1dup mice using two targeting steps and a loxP recombination step. MHPN312j24 and MHPP264b06 are the mouse engineering vectors inserted in the first and second targeting steps at the ends of the region to be duplicated. Boxes with "a-d" represent targeted regions of the genome that were digested in the vectors by NheI and SacI restriction enzymes, respectively. The locations of probes used to check ES cell DNA by Southern blot hybridization after each step are indicated by black squares and restriction fragments analyzed are shown for each step. Representative Southern blot analysis of ES cells after (B) the first engineering step showing one recombinant clone, (C) the second engineering step showing two recombinant clones, and (D) the loxP recombination step showing all recombinant clones. E, Representative interphase nucleus from FISH analysis of blood lymphocytes from a male Plp1dup mouse. The Plp1-containing fosmid probe (red) hybridized to two regions and the control probe that is outside of the duplicated region (green) hybridized to one region. Scores are as follows: Male Plp1dup mouse (n ϭ 100), 24% of nuclei had one red spot, 69% had two, 7% had three or more; normal male mouse (n ϭ 100), 81% of nuclei had one red spot, 15% had two, 4% had 3 or more. Only nuclei with one green spot were scored. F, Diagram of the 260.8 kb duplication in Plp1dup mice showing relative locations and approximate sizes of the genes within the duplicated region in the Plp1dup mouse model. Those genes shown on top are transcribed from centromere to telomere; those on bottom from telomere to centromere. tgt, Targeted genotype. labeled streptavidin. Simultaneously, digoxigenin-labeled probe was coupled with mouse antidigoxigenin (Roche) and detected with rabbit anti-mouse FITC (Jackson ImmunoResearch), further amplified with goat anti-rabbit FITC antibody (Jackson ImmunoResearch). Images were captured using a Leica MTC microscope (Leica Microsystems) and Openlab imaging software (PerkinElmer).
RNA extraction, RT-PCR, semiquantitative RT-PCR, and qRT-PCR.
For semiquantitative RT-PCR and qRT-PCR experiments, total RNA was extracted from half brains cut along the sagittal plane, snap frozen on dry ice with ethanol, and stored at Ϫ80°C. RNA was isolated from three wild-type and three Plp1dup half brains at P7, P10, P12, P14, P21, P60, and P120 using QIAzol lysis reagent and the RNeasy Midi Kit (QIAGEN) and treated with DNase using the TURBO DNA-free kit (Invitrogen) following the manufacturers' protocols. Reverse transcription was performed using the Omniscript reverse transcription kit (QIAGEN) following the manufacturer's protocols.
For semiquantitative multiplex RT-PCR of the Plp1 and Dm20 alternative splice variants, PCR amplification was performed with the Multiplex PCR Kit (QIAGEN) according to the manufacturer's protocol. A primer pair was used to amplify Plp1 and Dm20 transcripts as differently sized products, and a ␤-actin primer pair was used to ensure that equal amounts of RNA were used in the reactions. Primers, one member of Table 2 . Products were detected and analyzed by capillary electrophoresis using the 3130 xL Genetic Analyzer (Invitrogen) and Peak Scanner Software (Invitrogen).
Transcript levels of Plp1; the five other genes within the duplication; and the myelin genes, myelin-associated glycoprotein (Mag), myelin basic protein (Mbp), and 2Ј,3Ј-cyclic-nucleotide 3Ј-phosphodiesterase (Cnp), were determined by qRT-PCR in 384-well clear optical reaction plates (Invitrogen) using a QuantiTect SYBR Green PCR kit (QIAGEN) and QuantiTect Primer Assays (QIAGEN) according to the manufacturer's instructions. The following assays were used: Mm_Plp1_1_SG, Mm_Glra4_1_SG, Mm_ Tceal1_3_SG, Mm_Tceal3_1_SG, Mm_Morf4l2_1_SG, Mm_BC065397_ 2_SG, Mm_Mbp_1_SG, Mm_Mag_1_SG, and Mm_Cnp_1_SG. The primer assays on Mus musculus calnexin (Canx) and Mus musculus cytochrome c-1 (Cyc1) were selected as reference genes (PrimerDesign) using geNorm (Vandesompele et al., 2002) . Experiments were performed in triplicate reactions on three biological replicates of wild-type and Plp1dup mice at each age by using the ABI 7900HT Fast Real-Time PCR System (Invitrogen) with SDS 2.3 software (Invitrogen). All genes of interest and the endogenous controls were assayed for a single time point on each 384-well plate. Data were normalized by dividing raw C t values for each sample by the geometric mean of C t values of the Canx and Cyc1 internal reference genes. Relative quantification (RQ) of RNA transcript levels in the Plp1dup mouse was determined using the average of the three wild-type males as the calibrator and DataAssist Software version 2.0 (Invitrogen) with the 2 Ϫ⌬⌬Ct method. The relative amounts of mRNA for each transcript were expressed as a percentage of wild-type at each time point using the average RQ values for Plp1dup mice at each time point. Statistical analyses were performed using a one-way ANOVA. A p value of Ͻ0.05 was considered statistically significant.
Protein extraction and Western blot analysis. Protein experiments by Western blot were performed to detect myelin proteins PLP, myelin basic protein (MBP), 2Ј,3Ј-cyclic-nucleotide 3Ј-phosphodiesterase (CNP), and myelinassociated glycoprotein (MAG). Half-brains cut along the sagittal plane were snap frozen on dry ice with ethanol, stored at Ϫ80°C, and thawed on ice. Protein lysates were prepared from three wild-type and three Plp1dup mice at each time point (P7, P10, P12, P14, P21, P60, and P120) by homogenization using a hand-held homogenizer in 1 ml of buffer at 0.1 M NaCl, 0.01 M Tris-Cl, pH 7.6, 0.001 M EDTA, pH 8.0, 10 l of Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific) per milliliter of buffer, and 1 ml of 2ϫ SDS Gel Loading Buffer (100 mM Tris-Cl, pH 6.8, 4% SDS, 20% glycerol, and 200 mM DTT). The homogenate was sonicated with 10 pulses of 1 s each. After centrifugation at 5000 ϫ g for 5 min, the supernatant liquid was removed, stored at Ϫ80°C, thawed on ice, and used as the protein lysate. Protein concentration was determined by measuring absorbance at 280 nm using a NanoDrop spectrophotometer (Thermo Fisher Scientific), and 30 g of protein was separated on 4 -20% TGX gel (Bio-Rad) and transferred to a PVDF membrane (Invitrogen). Two gels were used for each experiment to accommodate all of the time points. Membranes were cut appropriately and probed with mouse monoclonal antibodies anti-PLP at a dilution of 1:2000 (AA3 Hybridoma, a gift from Dr. Alexander Gow, Wayne State University), anti-MBP at 1:1000 (Millipore, catalog #09-849), anti-CNP at 1:5000 (Covance, SMI-91R), anti-MAG at 1:1000 (Millipore, catalog #MAB1567), and anti-GAPDH at 1:20000 (Sigma-Aldrich; catalog #G8795). Membranes were then incubated in DyLight-405-(Jackson ImmunoResearch), Cy3-, or Cy5-labeled (GE Healthcare) secondary antibody diluted 1:2500, and labeled protein was detected using the Typhoon Trio imager (GE Healthcare). Bands were quantified using ImageQuant TL version 2003.03 software (GE Healthcare). GAPDH was used as a control for loading accuracy. Relative amounts of protein from Plp1dup mice were expressed as a percentage of wild-type at each time point.
Pathology. For microscopy of the brain, mice at 1, 3, and 6 months of age were killed by carbon dioxide inhalation followed by cervical dislocation. Brains were removed, fixed in 4% paraformaldehyde in 0.1 M PBS, dissected coronally into 2 mm pieces and submitted to the Histotechnology Core at the Nemours/Alfred I. duPont Hospital for Children for processing and paraffin embedding. Samples were cut in 5 m sections using a Leica RM2255 microtome (Leica Microsystems). Sections were stained with Luxol Fast Blue, periodic acid-Schiff, and hematoxylin (LFB/PAS) to visualize myelin content. Sections were visualized and imaged using an Olympus BX51 microscope (Olympus) with Image Pro Plus software (Media Cybernetics). Alternatively, immunofluorescent staining was completed using 2% normal goat serum with 0.02% Triton X-100 for blocking and permeabilization, followed by the addition of primary monoclonal antibodies anti-PLP (1:1000, Abcam; AB9311), anti-MBP (1:1000, Covance; SMI-94), and anti-Pan-Axonal neurofilament (1:1000, Covance; SMI-312) and then secondary antibodies goat anti-mouse-IgG2a-Alexa-488, goat anti-mouse-IgG1-Alexa-555, and goat anti-mouse-IgG2b-Alexa-647 (1:1000, Invitrogen). Nuclei were stained with DAPI (Invitrogen). Sections were visualized and imaged using a Zeiss LSM510 microscope (Carl Zeiss) with Zen 2009 software (Carl Zeiss).
For microscopy of the spinal cord, animals were anesthetized and perfusion-fixed transcardially with 4% paraformaldehyde/0.5% glutaraldehyde in 0.1 M PBS. The spinal cords were dissected transversely into 1 mm pieces and processed as follows. Tissues were rinsed in 0.1 M phosphate buffer 3 ϫ 10 min and fixed with 1% osmium tetroxide (Electron Microscopy Sciences) for 2 h. They were rinsed again with 0.1 M phosphate buffer 3 ϫ 10 min and dehydrated with increasing percentages of ethanol for 2 ϫ 5 min up to 100% for 3 ϫ 10 min and then with propylene oxide (Electron Microscopy Sciences) 3 ϫ 10 min. Tissues were then infiltrated overnight with a 1:1 solution of propylene oxide and Araldite 502 (Electron Microscopy Sciences), then embedded the next day with 100% Araldite and cured at 60°C for 48 h. Semithin and ultrathin sections were cut on an Ultracut E microtome (Reichert Technologies) using a glass knife and diamond knife, respectively. The 1 m semithin sections were stained with toluidine blue, and the ultrathin sections were stained with uranyl acetate (Electron Microscopy Sciences) and lead citrate (Polysciences) and visualized and imaged using a Jeol 1010 electron microscope (Jeol).
Blood-brain barrier integrity. A 2% solution of Evan's blue dye (Sigma) was prepared in PBS and sterile-filtered. At weaning, male mice received intraperitoneal injections of 4 ml/kg body weight. The dye was allowed to circulate for 4 h. Mice were then killed by carbon dioxide inhalation followed by cervical dislocation, and brains, small and large intestines, liver, and spleen were examined for uptake of dye.
Results

Chromosome engineering of the Plp1dup mouse line
We used MICER reagents to generate a tandem head-to-tail duplication at the Plp1 locus to create the Plp1dup mouse line used in this work (Fig. 1) . Figure 1A shows the engineering steps used to generate the duplication. In the two targeting steps, clones selected from MICER libraries were sequentially inserted proximal and then distal to the Plp1 gene in ES cells. These clones contained loxP sites and either the 5Ј or the 3Ј part of the HPRT gene. In the third step, we expressed Cre in the ES cells for sitespecific recombination between the loxP sites, which resulted in direct tandem duplication of the 260.8 kb genomic region between the two sites and a complete HPRT gene at the junction. After each of the three engineering steps, selected clones were analyzed by Southern blot (Fig. 1B-D, examples) . After the recombination step, clones were also verified by PCR amplification across the two parts of the HPRT gene (data not shown). The ES cells that were resistant to the three selection reagents used in the engineering steps (G418, puro, and HAT) were used to generate our Plp1dup line of mice as described. Presence of a duplication was confirmed in mice by semiquantitative multiplex PCR (data not shown), Southern blot analysis (data not shown), and FISH (Fig. 1E) .
The Plp1dup mouse model is an appropriate model for human duplication disease in several ways. The duplication, diagrammed in Figure 1F , is 260.8 kb in size, which is within the size range of human PMD-causing duplications. It is in a tandem head-to-tail arrangement on the X chromosome, as are most human PMD duplications, and it includes other genes proximal of Plp1. The duplication ends 9.5 kb distal of Plp1. Two PMD patients we have studied, P348 and P116, have duplications that end in the same approximate location distal of PLP1 (Woodward et al., 2005) , suggesting that potential regulatory sequences further distal of PLP1 do not need to be included in the duplication to generate the PMD phenotype. The Plp1 gene lies in a region of conserved synteny between mouse and human, and four of the five genes in the duplicated region are present within the region of synteny (Table 3) . Further, the Plp1 gene itself is highly conserved from mouse to human. Indeed, the mouse PLP and DM20 proteins are identical in amino acid sequence to their human homologs. In addition, the transcript level of the Plp1 gene in both mice and humans is developmentally regulated with a rapid postnatal increase in transcription and translation as the predominant isoform switches from DM20 to the PLP form.
Observations and behavioral phenotype of the Plp1dup mouse Plp1dup mice weighed less than wild-type littermates, averaging 35.2 Ϯ 5.5 g compared with wild-type at 41.2 Ϯ 7.7 g (p ϭ 0.001, data not shown) at 6 months. During tail suspension, Plp1dup mice failed to climb or grasp the handler's hands or splay their paws as observed with wild-type mice.
Gait analysis was performed at 2, 4, and 6 months on seven Plp1dup males and seven wild-type littermates using the CatWalk system (Noldus Information Technology). The results for 12 parameters are presented in Table 1 as difference between means ( p values) for cross-sectional analyses of individual time points as well as F ( p values) for longitudinal studies. Few differences were observed at early time points, but dramatic differences were evident by the 6 month time point. Cross-sectional analyses revealed that Plp1dup mice performed worse on the walkway in terms of the parameters listed. When comparing wild-type and Plp1dup mice longitudinally, Plp1dup mice performed worse in terms of stand index, cadence, diagonal support, three-paw support, and base of support. Parameters significantly influenced by time included stand index, swing, print area, diagonal support, threepaw support, and base of support. Finally, the interaction between group and time was significant in terms of stand index, swing, and print area. The parameters that showed the most pronounced differences were related to speed, fluidity of movement, and support. Cadence, swing, and stand index indicated that Plp1dup mice moved slowly compared with wild-type littermates. An increased print area showed flat-footedness in Plp1dup mice, suggesting weakness. Although it is typical for wild-type mice to alternate diagonal paws, Plp1dup mice tended to rely on three paws at a time for support. Additionally, the hindpaws appeared to be more significantly affected than the front paws, which correlates to PMD patients, whose lower limbs are more severely affected than upper limbs (Golomb et al., 2004) .
A chromosomal duplication in the Plp1 locus altered transcript levels of PLP1 mRNA and protein but did not alter the Plp1/Dm20 alternative splice ratio We performed qRT-PCR on RNA prepared from mouse brains to determine the effect of the chromosomal duplication on the developmental regulation of Plp1 mRNA transcript levels. The time points P7, P10, P12, P14, P21, P60, and P120 were chosen to observe transcript levels throughout the whole myelination program. We first analyzed total Plp1 transcript levels (Plp1 ϩ Dm20) at each time point relative to wild-type at P7, and results are presented in Figure 2A . Our wild-type mice showed the typical pattern of expression that has been reported previously with a peak in transcript levels at approximately the third postnatal week (Wight and Dobretsova, 2004) . We also saw another upregulation of transcript levels by P120. Plp1dup mice had a similar pattern of Plp1 transcript levels with a peak at P14. Total Plp1 mRNA levels were not significantly different from wild-type at P7 and P10, but they were elevated to ϳ200% of wild-type transcript levels at remaining time points except P21. At P21, there was not a statistically significant difference in Plp1 transcript levels between Plp1dup and wild-type mice, at which point both are decreasing.
When we analyzed the isoform ratio of Plp1 to Dm20 at each developmental time point, we found that the ratio for Plp1dup mice were not significantly different from that of wild-type mice at each time point (Fig. 2B) . We also analyzed total PLP protein levels (PLP ϩ DM20) at each developmental time point relative to wild-type at that time point. PLP protein levels were too low to be measured accurately by our methods until P12. Figure 2C shows that, at P12, total PLP was elevated to 191 Ϯ 24% of wild-type levels in the Plp1dup mice but was not elevated at remaining time points. Together, our RNA and protein studies showing overexpression of Plp1 mRNA at data points when the protein is not elevated suggest that Plp1 gene expression is regulated post-transcriptionally.
Duplication at the Plp1 locus altered mRNA transcript levels of four of the five other genes within the duplication The presence of other genes in addition to PLP1 in the duplications of PMD patients raises the possibility that altered transcript levels of these other genes could contribute to the disease. Thus, we analyzed transcript levels of five other genes within the duplication of Plp1dup mice [transcription elongation factor A (SIIlike) 3 (Tceal3), transcription elongation factor A (SII-like) 1 (Tceal1), mortality factor 4-like 2 (Morf4l2), BC065397, and glycine receptor subunit ␣ 4 (Glra4 )] at each of the developmental time points relative to wild-type at that time point by qRT-PCR. Figure 3A -D shows that transcript levels of Tceal3, Tceal1, Morf4l2, and BC065397 were elevated to ϳ200% in the Plp1dup mice compared with wild-type at all postnatal time points, except for Tceal3 at P10 and Morf4l2 at P7, where some variability among the biological replicates resulted in no statistically significant difference. However, Glra4 mRNA levels were essentially the same in Plp1dup mice compared with wild-type mice at all time points (Fig. 3E) . Thus, duplication in the Plp1 locus altered the transcript levels of four of the five genes found within the duplication in addition to Plp1.
Duplication at the Plp1 locus affected transcript and protein levels of other myelin genes
We examined transcripts of oligodendrocyte markers CNP (Fig.  4) , MBP (Fig. 5) , and MAG (data not shown) at the mRNA and protein levels to determine whether altered expression of Plp1 in the Plp1dup mice altered the myelin program. All three genes were developmentally regulated at the mRNA and protein levels in both Plp1dup and wild-type mice. There was no statistically wild-type used as the calibrator. B, MBP protein levels measured from Western blots and expressed relative to GAPDH. Representative Western blots are shown above the graph in B. Total RNA and protein homogenates were prepared at postnatal days indicated (Plp1dup, n ϭ 3; wild-type, n ϭ 3 at each time point). Open bars represent wild-type; black bars, Plp1dup. Controls are described in Materials and Methods. *p Ͻ 0.05. significant difference in Cnp mRNA levels between Plp1dup mice and wild-type mice, except at P21 when Plp1dup mRNA levels were 72 Ϯ 2.5% of wild-type levels (Fig. 4A) . Although Cnp mRNA levels were the same as wild-type at most time points, CNP protein levels were significantly lower at the adult time points, P60 and P120 (Fig. 4B) . Mbp mRNA levels were lower in Plp1dup mice than wild-type at P7, P21, and P60 (Fig. 5A) . Like CNP, MBP protein levels in Plp1dup mice were significantly lower than in wild-type at the adult time points, P60 and P120, but were only at very low levels at P21, P60, and P120 (Fig. 5B) . Mag transcript and MAG protein levels did not show major significant differences from wild-type (data not shown).
Duplication at the Plp1 locus results in degeneration of myelin
To evaluate morphological changes in myelin in Plp1dup mice compared with wild-type, we performed LFB/PAS staining of brain sections at 1, 3, and 6 months (Fig. 6) , immunofluorescent studies of brain sections at 6 months (Fig. 7) , and toluidine blue staining (Fig. 8 ) and electron microscopy ( Fig. 9 ) of spinal cord sections at 6 months. At 1 month, the myelin pattern in the corpus callosum of Plp1dup mice was indistinguishable from wildtype mice with LFB/PAS staining (Fig. 6 A, B) . At 3 months, an uneven and patchy staining pattern of myelin in the corpus callosum was observed in Plp1dup mice; and at 6 months, this pattern became more prominent (Fig. 6C-F ) . Immunofluorescent staining at 6 months with antibodies against PLP and MBP also showed a reduction of myelin sheaths in the corpus callosum of Plp1dup mice when compared with wild-type (Fig. 7 A, B) .
Whereas PLP and MPB colocalized in the corpus callosum of both wild-type and Plp1dup mice, juxtaposition of PLP with panaxonal neurofilaments (NF) occurred only in some regions of the corpus callosum (data not shown). In other regions, either PLP was seen with low levels of NF or NF was seen with low levels of PLP (Fig. 7C,D) . These observations in the corpus callosum suggest that the prominent process is progressive loss of myelin followed by axonal loss. This conclusion is supported by semithin and ultrathin studies. The ventral funiculus of the wild-type spinal cord (Fig. 8A) showed dense packing of fibers, with largerdiameter fibers having thicker sheaths than smaller-diameter fibers. The ventral funiculi from two different Plp1dup mice (Fig.  8 B, C) had large-caliber axons with abnormally thin myelin sheaths. Degenerating fibers were abundant in the Plp1dup mice (Fig. 8 B, C) and absent in the wild-type spinal cord. Ventral gray matter of normal mice and Plp1dup mice (Fig. 8D-F ) showed numerous dendrites emanating from motor neuron perikarya. Ventral gray matter from Plp1dup mice (Fig. 8 E, F ) showed numerous thinly myelinated fibers coursing through parenchyma. Large vacuoles, degenerating fibers, and lightly stained degenerating cells were prominent throughout gray matter (Fig. 8F ) . These vacuoles can also be seen in the brains of 6 month Plp1dup mice (Fig. 6F ).
At the electron microscopic level, spinal cords of 6 month Plp1dup mice showed abnormalities in both white and gray matter (Fig. 9) . Degenerating fibers were present throughout the spinal cords of Plp1dup mice but were more prominent in gray matter versus white matter (Fig. 9B-E) . Myelin sheaths were abnormally thick but often poorly compacted (Fig. 9F ) . Segments of unmyelinated axons were adjacent to myelinated segments, In all pictures, hippocampus is to the right and cerebral cortex to the left. At 3 and 6 months in wild-type mice, LFB staining was homogeneous across the corpus callosum, but in Plp1dup mice at these ages, the staining was uneven and patchy. F, At 6 months, large vacuoles were present in both white and gray matter (*). Plp1dup, n ϭ 3; wild-type, n ϭ 3 at each time point. Scale bar, 50 m. . In Plp1dup mice, PLP and MBP staining was patchy with apparently more MBP than PLP staining (B). In some places, PLP was seen with low levels of NF and in others NF was seen with low levels of PLP (D). Plp1dup, n ϭ 3; wild-type, n ϭ 3. Scale bars, 50 m.
suggestive of demyelination and/or dysmyelination (Fig. 9 E, F ) . Microglial cells were abundant and contained numerous degenerating fibers within their cytoplasm. Astrogliosis was a prominent feature throughout white and gray matter (Fig. 9B) .
The blood-brain barrier of Plp1dup mice remains intact After intraperitoneal injection of Evan's blue dye into Plp1dup mice, dye was not detected in brain but was detected throughout muscle, intestine, liver, and other tissues (data not shown). This result suggested that the blood-brain barrier of Plp1dup mice is not compromised.
Discussion
Duplication of the Plp1 locus that includes the entire Plp1 gene is the most frequent cause of PMD (Inoue et al., 1999; Woodward et al., 2005; Lee et al., 2006) . We used MICER chromosome engineering techniques to generate Plp1dup, a mouse model of the human disease. We demonstrate that the duplication in our Plp1dup mice alters the transcript levels of Plp1 and four of the five other genes within the duplication. It also leads to altered levels of major myelin proteins, abnormal myelin pathology, and gait abnormalities. Thus, our Plp1dup model will be important for insights into how genomic duplication leads to a disease phenotype and for assessing potential treatments.
Several mouse models that harbor extra copies of the Plp1 gene were generated and characterized previously. These transgenic lines were made by random genomic integration of multiple copies of the Plp1-containing segment of a genomic cosmid clone. Within each line, the homozygous animals have very severe hypomyelinating phenotype with seizures and early death, whereas the hemizygous animals have a mild, late-onset demyelinating phenotype, or no abnormal phenotype Readhead et al., 1994; Inoue et al., 1996; Anderson et al., 1998 Bradl et al., 1999; Rasband et al., 2003; Karim et al., 2007; Mayer et al., 2011) . These results suggest that the copy number of Plp1 correlates with severity of disease, as is the case with human PMD, where three or more copies of Plp1 on the X chromosome in males is more severe than duplication (Wolf et al., 2005) . However, it is curious that homozygous mice with six extra copies of Plp1 have a much more severe phenotype than hemizygous mice of another line with seven extra copies, a phenomenon that has not been explained. Given the data from the transgenic animal models, it is also curious that the phenotype of PMD patients is as severe as it is when male PMD patients have only one extra copy of PLP1. In any case, our Plp1dup mouse model displays an intermediate phenotype between the homozygous and hemizygous animals and has both hypomyelination and demyelination. In this respect, our model is more similar than the transgenic models to the human duplication patients who have a combination of hypomyelination and degeneration, seldom develop seizures, and can live into their sixth decade (observation of G.M.H.).
Patients with PMD duplication and the animal models with extra copies of Plp1 have been called "overexpressors" in the literature. This term is misleading because PLP1 transcript levels have not been evaluated in the CNS of PMD duplication patients; and although Plp1 transcript levels have been determined in some of the transgenic animal models, the reported overexpression is modest at best and is clearly not proportionate to the number of extra copies of Plp1 Readhead et al., 1994; Anderson et al., 1998; Bradl et al., 1999; Karim et al., 2007) . In contrast to the transgenic rodents with extra copies of Plp1, our Plp1dup mouse had Plp1 mRNA levels that were approximately double those of wild-type beginning ϳP12 and extending through adulthood. Interestingly, at P21, Plp1 was not elevated in the Plp1dup mouse compared with wild-type at the time when Plp1 levels are rapidly declining from peak levels in both ( Fig.  2A) . Given that Plp1 expression was studied in the transgenic animals at P19 to P21, our data could explain a lack of overexpression proportionate to copy number in these animals if the extra copies of Plp1 are developmentally regulated.
The PLP protein level was elevated twofold in Plp1dup mouse brains only when first detected at P12, shortly after the onset of developmental increase of Plp1 transcript levels. Our protein assay was not sensitive enough to detect PLP before P12, but elevated PLP was found in spinal cord at P3 in the #66 line homozygotes, with a slight elevation in hemizygotes (Karim et al., 2007) . By P20, homozygotes have a small decrease of PLP in spinal cord and hemizygotes have the same level as wild-type, as do our Plp1dup mice. These data suggest that PLP is regulated post-transcriptionally in the brains of our model and in the spinal cords of the transgenic mice. Reduced translation and enhanced degradation of PLP have been demonstrated in cultured oligodendrocytes from the homozygous mice from line #66 (Karim et al., 2010) . In rats with multiple copies of Plp1, hemizygotes have elevated levels of PLP at 2 and 3 weeks, whereas the homozygotes have little to no detectable PLP at those time points (Mayer et al., 2011) . It is not clear why PLP levels differ between transgenic rats and mice.
Degeneration of myelin resulting from the duplication in the Plp1 locus could account for the decreased transcript and protein levels detected in other myelin proteins, CNP and MBP, in our (Fig. 6 ) and immunofluorescent sections (Fig. 7) . Scale bar, 50 m.
Plp1dup model compared with wild-type (Figs. 4 and 5) . Decreases in other myelin proteins have also been noted in homozygous transgenic overexpressors (Readhead et al., 1994; Karim et al., 2007) and in other Plp1 mutant mice (Delassalle et al., 1981; Al-Saktawi et al., 2003) . Structure of myelin in the Plp1dup model resembles the hemizygous animals in the microscopy studies, particularly the 4e line, in which myelin formation proceeded from 10 to 70 d with degeneration beginning at 40 d (Inoue et al., 1996) . This formation advanced slowly until 6 months of age, when rapid demyelination occurred. Myelination occurred relatively normally in our Plp1dup mice in the first month, but degeneration began at 3 months and progressed by 6 months. Myelination was much less affected in the hemizygous overexpressors with higher copy numbers than our Plp1dup mice.
Vacuolation seen in Plp1dup mouse brains at 6 months of age (Figs. 6F and 8 E, F ) was similar to that reported in hemizygous Plp1 overexpressors (Anderson et al., 1998; Bauer et al., 2002) and mice that overexpress CNP (Gravel et al., 1996) or are null for UDP-galactose:ceramide galactosyltransferase (Coetzee et al., 1996) . It is unclear what the vacuoles represent, but they seem likely to be processes of degenerating neurons.
The transgenic animal models with multiple extra copies of Plp1 are genetically different from PMD patients in that they have extra copies of Plp1 only, whereas all known human duplications include other genes. Four of the genes duplicated in our model (Tceal1, Tceal3, Morf4l2, and Glra4 ) are commonly found within the duplicated regions of PMD patients. BC065397 is a hypothetical gene that is not present in the human genome and is thought to be a member of the Ras-like GTPase superfamily. It is unknown to what extent duplication of adjacent genes and regulatory regions contributes to dysregulation of PLP1 expression and pathogenesis of the disease in humans. In that regard, we found that transcript levels of four of the five duplicated genes in our Plp1dup mice were increased approximately twofold (Fig. 3) , but we did not detect a phenotype that would be attributed to overexpression of any of these genes. Transcript levels of Glra4 were not shown to be dosage-sensitive (Fig. 3E) . However, Glra4 is an expressed pseudogene that is nonfunctional because of a premature stop codon within exon 9 that results in the premature truncation (Muncke et al., 2004) .
Although Plp1 mRNA levels were altered in the brain of our Plp1dup mice, we detected no change in the Plp1/Dm20 alternative splicing ratio at any time point (Fig. 2B) . This result conflicts with a previous report in which DM20 mRNA is reduced with respect to PLP1 in cultured skin fibroblasts from patients with PMD duplications (Regis et al., 2008) . The discrepancy may be the result of either species or tissue difference and requires further study.
Our studies have shown significant differences between Plp1dup and wild-type mice in kinetics, reflected by stand index, swing, step cycle, and cadence, and support, reflected by print area, base of support, and other limb support percentages. Most of the significant parameters are more severe in hind limbs than front limbs, correlating well with human PMD patients who tend to be more severely affected in their lower than upper limbs (Golomb et al., 2004) . No studies have been reported regarding the comprehensive gait analysis of Plp1 overexpressor animals.
Our new Plp1dup mouse provides a genomically accurate model for understanding the pathophysiology of PMD resulting from PLP1 duplication. It will also be an important model for preclinical trials of potential treatments for PMD resulting from genomic duplication. Potential treatment strategies include stem-cell therapies and strategies to reduce the amount of PLP, which could be accomplished using RNAi or small molecules identified by high-throughput screening. Notably, knockdown of Plp1 by nucleofection of siRNA into oligodendrocytes cultured from homozygous transgenic animals of an overexpressor line increased formation of myelin and amount of MBP in the membrane (Karim et al., 2010) . Recently, a cholesterol-enriched diet was shown to improve the phenotype of overexpressor mice that, unlike Plp1dup, has a compromised blood-brain barrier (Saher et al., 2012) .
